Purpose: Anterior segment optical coherence tomography (AS-OCT) was used to image the lacrimal punctum and establish normal punctal parameters including the tear volume inside the punctum. Methods: This study included totally 67 eyes from 38 normal subjects. Punctal parameters and tear meniscus height (TMH) were measured using spectralis OCT anterior-segment scans. Outer punctal diameter (OPD), punctal depth, tear well diameter (TWD), tear well depth, punctal reserve (PR) and lower eyelid TMH were assessed. Authors defined a 'tear well' as a pool of standing tears in the punctum. Punctal reserve was defined as the difference between punctal depth and tear well depth. Results: Outer punctal diameter was 614.6 AE 195.6 lm, the punctal depth was 545.8 AE 270.1 lm, TWD was 229.9 AE 133.8 lm, the tear well depth was 434.9 AE 247.8 lm, the PR was 110.9 AE 72.9 lm, the PR ratio was 0.20 AE 0.17, and the TMH was 222.9 AE 88.8 lm. The punctal depth decreased significantly according to the patient's age (correlation coefficient = À0.352, respectively). Conclusion: AS-OCT is useful for improving anatomical understanding of the lacrimal punctal structure. Quantitative punctum and tear well measurements were correlated with TMH.
Introduction
Lacrimal punctum is an entry point for tears to nasolacrimal duct (Ali et al. 2015) . Carter et al. (1988) studied the size variation of the lacrimal punctum in adults. However, in general, there have been relatively few studies on the punctum, due to the lack of consensus regarding the imaging modalities for the proximal lacrimal system (Wawrzynski et al. 2014; Ali et al. 2015) .
Regarding tear drainage system, lacrimal punctum is responsible for epiphora as a gateway. The diagnosis of punctal disease has depended on clinical impression and/or slit-lamp examination (Jeong 1998) . Ultrasound imaging of the proximal lacrimal system has been suggested; however, the resulting images have demonstrated a lower resolution than those obtained using optical coherence tomography (OCT) (Hurwitz et al. 1998) .
Optical coherence tomography (OCT) is a safe, non-invasive, crosssectional imaging method that uses infrared radiation to capture highresolution images of tissue microstructures. It has a resolution of 1-20 lm and can penetrate approximately 1-2 mm into tissue (Vakoc et al. 2012) . Spectral-domain optical coherence tomography (SD-OCT) has been widely used on the retina to provide detailed cross-sectional images in vivo. Optical coherence tomography (OCT) is also used on the anterior segment, including the cornea, angle and conjunctiva. Recently, anterior segment OCT (AS-OCT) vertical single-line scans were used to assess the lower eyelid tear meniscus height (TMH) (Murube 2003; Palakuru et al. 2007; Zhou et al. 2009; Park et al. 2012) . In this study, AS-OCT was used to image the lacrimal punctum and to measure the punctum parameters and the amount of tear meniscus around the punctum in normal subjects. This study is also focused on discovering the novel and clinically valuable parameter.
Materials and Methods

Participants
This observational cross-sectional study population consisted of 67 eyes of 38 Korean subjects (10 males and 28 females) at the Oculoplasty Service of Bundang CHA Hospital, Seongnam, South Korea, from May 2014 until November 2014. The medical records of the 67 eyes were reviewed and analysed retrospectively. This study had the approval of the Institutional Review Board of Bundang CHA hospital, Seongnam, South Korea, and was performed in accordance with the tenets of the Declaration of Helsinki.
Slit-lamp examinations were conducted to exclude any corneal pathologic conditions. The conjunctiva, globe and tear film were examined to exclude secondary tearing. Patients were examined for canthal ligament laxity, eyelid position, and punctal patency and position. Lacrimal drainage was assessed routinely as follows. A fluorescein dye disappearance test was first conducted via instillation of 2% fluorescein into the conjunctival sac. The patient's results were recorded after 2 min (a normal lacrimal system will pump this solution into the nose in 1 min). A Jones 1 test was performed after 5 min, immediately followed by a Jones 2 test. The lower canaliculus was routinely irrigated with normal saline and probed. Patency to the nose and any reflux via the upper canaliculus, or canalicular obstruction, was recorded. Patients with any inflammation of punctum and/or canaliculus were excluded.
Image acquisition method
All subjects were tested between 10 AM and 5 PM. The temperature and humidity of the test room environment were maintained at 23 AE 2°C and 40 AE 5%, respectively. Measurements were obtained from both eyes. In our comparison of patient groups, we considered only the affected eye. All measurements were performed by three experienced technicians. None of the subjects used eye drops 1 hr prior to testing, to avoid drop effects. The participant blinked two or three times prior to image capture, to maintain consistency. The subjects were asked to look straight ahead at a fixation light with no background illumination and were allowed to blink spontaneously during the examination. Each eye was examined; however, the contralateral eye remained open during image capture. Stable ambient room light was maintained during the examination. The medial lower eyelid was gently everted to expose the punctum to the OCT scanner with maximal care taken not to distort the anatomy in practicable range. Using an anteriorsegment module, vertical-raster singleline, high-resolution scanning was performed using a Spectralis OCT system (Heidelberg Engineering GmbH, Heidelberg, Germany), equipped with software customized for lacrimal punctal parameter measurement (software version 1.8.6.0, Heidelberg Engineering, GmbH). The punti were imaged with scan line horizontal to the mucocutaneous junction, while TMH was measured from the cornea-meniscus junction to the lower eyelid-meniscus junction with scan line perpendicular to the mucocutaneous junction. The examination was performed twice for each patient. All images were inspected by one ophthalmology specialist. The widest, deepest punctum image was chosen, from which the maximal values were taken as the result parameters.
Outcome measurements
Outer punctal diameter (OPD) is defined as the distance between the highest points of the punctal papilla. Punctal depth is defined as the height from the OPD tangent to the bottom of the punctum. A 'tear well' is defined as a pool of standing tears in the punctum. Tear well diameter (TWD) denotes the length of the surface of the tear well. Tear well depth corresponds to the height from the surface of the tear well to the bottom of the punctum. Punctal reserve (PR) is defined as the difference in the punctal depth and tear well depth. The PR ratio is defined as the ratio of the PR with respect to the punctal depth (Fig. 1) .
Tear meniscus height measurements were performed using the same conditions. The OCT pattern used to scan the tear meniscus was a 6-mm vertical line centred at a central point. The vertical axis of the corneal centre crossed with the lower eyelid was used as a central point (Park et al. 2012) (Fig. 2) .
Statistical analysis
All data were expressed as means AE standard deviation (SD). Independent sample t-test, Mann-Whitney test, Kruskal-Wallis test and chi-square test results were applied to the parameter comparison. The correlation among parameters was analysed using Pearson's correlation analysis and SPSS for Windows, version 21.0 (SPSS Inc., Chicago, IL, USA). A level of p < 0.01 was considered to indicate statistical significance. Intraclass correlation analysis was used to verify the examination reliability.
Results
Demographic characteristics of the patients
The mean ages of the study participants were 53.0 AE 14.8 years. There were more females in the group (Male: Female = 16:51).
Repeatability and reproducibility of lacrimal punctal measurements
Intraclass correlation analysis was performed to verify examination repeatability and reliability between the three technicians. The correlation coefficients ranged from 0.896 to 0.975 (Table 1) .
Punctal parameters in normal eyes
In the normal group, the OPD was 614.6 AE 195.6 lm, the punctal depth was 545.8 AE 270.1 lm, the TWD was 229.9 AE 133.8 lm, the tear well depth was 434.9 AE 247.8 lm, the PR was 110.9 AE 72.9 lm, the PR ratio was 0.23 AE 0.16, and the TMH was 222.9 AE 88.8 lm ( Table 2 ). The punctal depth and tear well depth decreased significantly, according to the patient's age (correlation coefficient = À0.352, p = 0.003, correlation coefficient = À0.310, p = 0.011, respectively). Punctal reserve showed a significant negative correlation with ageing (correlation coefficient = À0.251, p = 0.041; Fig. 3 ).
Relationships between the punctal parameters and TMH The mean TMH was 222.9 AE 88.8 lm.
Tear well diameter showed a positive correlation with TMH (Fig. 4) . Tear meniscus height showed no significant correlation with ageing (Fig. 4) .
Qualitative value of AS-OCT imaging of puncta
In this study, lacrimal punctal imaging using AS-OCT provided both quantitative and qualitative evaluation of lacrimal punctal parameters, allowing identification of various punctal disorders, such as stenosis or occlusion due to web effects. Nasolacrimal duct obstruction (NLDO) patients treated with snip punctoplasty and silicone tube intubation showed a markedly enlarged OPD (Fig. 4) . Cheese wiring, one of the complications after silicone tube intubation (SI), was dynamically shown on AS-OCT raster scans (Fig. 5) .
Discussion
This study presents the first wide-scale quantitative measurement of punctum and tear wells in an attempt to clarify the correlation between the punctal parameters and TMH. Currently, there is no practical method of accurately assessing disorders related to the punctal and proximal canalicular structures in vivo (Wawrzynski et al. 2014) . Also this is the only study to compare punctal the parameters including tear well with TMH outside the punctum using OCT.
Our mean OPD of 617.2 lm is much larger than the 215-412 lm cited in a previous studies (Table 3) Kamal et al. 2016) this difference was attributed to the difference in race and age of the participants and the location of the measurement in the studies compared. Few studies have addressed the effect of racial differences as they relate to punctal diameter. Yoon et al. (1997) reported the longest diameter of Korean inferior lacrimal puncta as 620 lm and the longest papilla diameter as 1440 lm. Our results were based on a different punctal value, defined as the length between the highest points of the papilla. Recently, Timlin et al. (2015) reported the external punctal size as 646 lm which was similar to our measurement (Allam & Ahmed 2015) . They defined external punctal diameters as a tangent the highest points on the nasal and temporal punctal walls and vertical canalicular depth as a distance from the tangent created to the bottom of the punctum (Timlin et al. 2015) . The authors also used Heidelberg spectralis OCT, and the authors definitions of OPD, punctal depth and tear well depth are similar to those of Timlin's definitions. These are why the author's parameters are similar to those of Timlin's measurement.
The mean punctal depth was 534.9 lm, which is slightly shorter than that of a previously reported value of 753 lm in the UK (Wawrzynski et al. 2014) . The discrepancy in the two values was attributed to the race and 222.9 AE 88.8 * a pool of standing tear in the punctum (diameter: length of the surface of the tear well, depth: height from the surface of tear well to the bottom of the punctum). † a difference of punctal depth and tear well depth. ‡ a ratio of punctual reserve/punctual depth.
age of the test subjects. There have been no previous studies on punctal depth measurements with respect to racial differences. Hwang et al. (2005) reported a vertical canalicular depth of 1110 lm in a cadaveric study. Recent studies showed various punctual depth value measured using OCT from 252 to 890 lm (Wawrzynski et al. 2014; Allam & Ahmed 2015; Kamal et al. 2016; Timlin et al. 2015) . The longest punctal depth in our study was 1362 lm. Punctal OCT relies on the scanner's infrared beam travelling directly through the canaliculus, as opposed to the surrounding skin. The alignment of the punctum and canaliculus with respect to the axis of the scanner's infrared beam is essential. It is advisable to take the longest of the punctal depth measurements as the true length. Also, the punctal shape was cone-like to the bottom, and, in most cases, V-shaped. As such, the OCT infrared beam may not reach the aperture of the puncta, thus limiting the technique in its ability to image inside the canaliculus (Wawrzynski et al. 2014) . Timlin et al. (2015) also measured a fluid level visible inside puncta that is similar to the author's tear well depth although definite measuring methods were not described. The difference of tear well depth was attributed to the difference in age and race of the participants. Also, the muscle tone of orbicularis oculi, eyelid laxity, blinking power and the negative pressure created by lacrimal sac of the individuals could influence to the fluid level in the puncta (Detorakis et al. 2014; Kamal et al. 2016) . It is difficult to explain the complex punctal tear dynamics by a single factor. This is why the authors advocate the PR ratio as a novel punctal No. of patients (eyes) 43 (67) 20 (40) 76 (147) 52 (103) 18 ( AS-OCT = Anterior segment optical coherence tomography, FD-OCT = Frequency domain optical coherence tomography.
parameter. It could be a representative of tear dynamics and potential capacity to hold the tear inside the puncta. The usefulness and reproducibility of the measurement of the tear meniscus using the OCT method has been validated in previous studies (Palakuru et al. 2007; Zhou et al. 2009; Park et al. 2012) . Previous studies have reported normal TMH values that range from 194 to 345 lm (Wang et al. 2006; Bitton et al. 2007; Palakuru et al. 2007; Shen et al. 2009; Cui et al. 2011; Park et al. 2012) . Shen et al. (2009) reported a cutoff value of 164 lm to diagnose dry eye . In this study, our normal TMH value of 222.9 lm was in agreement with the results from previous studies.
The authors also suggest that the tear well may provide information on 'tear passing dynamics'. There were some NLDO eyes with TMH lower than 200 lm (51-199 lm) suffering from epiphora (Munk score 2.9 AE 1.0) did not included in this study. Punctal images of these patients showed a tear flooding in the punctum (Fig. 1D ) and low PR in the microenvironment of the patient. This paradoxical findings imply that TMH is not always useful to diagnose NLDO, especially in the NLDO patients with complicated conditions such as dry eye disease. Diagnosis can be difficult when the patients with low TMH complaints epiphora. This may be due to the masked tearing symptoms and tear volume. Punctal AS-OCT imaging can be used for these patients to reveal the pathology using PR and tear flooding in the lacrimal punctum. Further studies are necessary to investigate the punctal features in the patients with a pathology of lacrimal system. Also, AS-OCT provided qualitative and quantitative assessment of lacrimal puncta. Punctal stenosis or occlusion from web effects can be observed directly (Fig. 4) . Cheese wiring after SI can be understood dynamically using AS-OCT raster scans (Fig. 5) .
Conclusion
Anterior segment OCT is useful for improving anatomical understanding of the lacrimal punctal structure in vivo. Quantitative measurement results for the punctum and tear well were correlated with TMH. The punctal image and tear status in the punctum has a potential to help us to differentiate various causes of epiphora, regardless of low TMH presentation. Punctal imaging using AS-OCT also can be applied to diagnose punctal disease.
